INTRODUCTION
The Cretaceous-Paleogene (K-Pg) boundary was fi rst defi ned biostratigraphically by Luterbacher and Premoli Silva (1964) on the basis of planktonic foraminifera in the Bottaccione section near Gubbio, Italy. The K-Pg boundary represents one of the most debated biotic crises in Earth's history, most notably the complete extinction of the dinosaurs, non-turtle marine reptiles, ammonites, and the shallow-water rudists, as well as almost all calcareous nannoplankton and planktonic foraminifera, among which only four dwarf foraminiferal species survived the mass extinction (e.g., Smit, 1982; Olsson et al., 1996; Huber et al., 2002; Arenillas et al., 2006; Schulte et al., 2010 , and references therein). The discovery of an iridium anomaly precisely at the K-Pg boundary in the Spanish section of Caravaca by Smit and Hertogen (1980) , and in several sections in the Umbria-Marche Basin of Italy (including Gubbio) by Alvarez et al. (1980) , opened the way to the hypothesis that the mass extinction was caused by the catastrophic impact of a large extraterrestrial object, a comet or an asteroid, on the Earth's surface. The discovery of the giant Chicxulub impact structure in the Yucatán Peninsula by Hildebrand et al. (1991) and the radioisotopic dating of impact melt rocks and related impact glasses found in K-Pg boundary sections in the Caribbean and Gulf of Mexico regions by Swisher et al. (1992) , made the impact hypothesis widely accepted and ended an era of speculations about what could have triggered the K-Pg boundary biotic crisis (e.g., Schulte et al., 2010 , and references therein).
The time period immediately preceding the K-Pg event is characterized by a temporary perturbation of global environmental conditions, possibly related to the second (main) phase of the Deccan basaltic volcanism (e.g., Courtillot and Renne, 2003; Chenet et al., 2007; Schoene et al., 2015) , which terminated a long period of relatively stable and generally warm climate. Osmium (Os) isotope analysis in deep-sea sedimentary successions suggests that the main second stage of Deccan volcanism preceded the K-Pg boundary by a few hundred thousand years (Ravizza and Peucker-Ehrenbrink, 2003; Ravizza, 2007) . From these studies stems the hypothesis that the Deccan fl ood basalt volcanism produced large volumes of gases, which likely caused severe perturbations of the atmosphere with consequential change of the global climate (Nordt et al., 2003; Wilf et al., 2003; Self et al., 2008; Keller et al., 2012) .
The aftermath of the K-Pg event is characterized by a recovery period (e.g., D'Hondt et al., 1998; Coxall et al., 2006) and the occurrence of multiple hyperthermal events; the PaleoceneEocene Thermal Maximum is the most prominent example (e.g., Lourens et al., 2005) . Investigating the temporal dimension of these climatic events, and possibly their relationship with insolation forcing (e.g., Lourens et al., 2005) , enables a better understanding of the Paleogene climate system, and the changes eventually induced by the K-Pg boundary event and their extent.
In this paper we utilize high-resolution multiproxy data including bulk-rock CaCO 3 (a proxy for calcareous plankton productivity), magnetic susceptibility (MS; a proxy for terrigenous infl ux), together with carbon and oxygen stable isotopes, as the basis for a cyclostratigraphic analysis of the K-Pg transition in the classic sections of the Bottaccione Gorge and the Contessa Valley near Gubbio. This allows a better understanding of the climatic changes that were occurring through this critical geological time interval, not only as a consequence of background orbital forcing, but also of such exceptional events as the Deccan volcanism and the K-Pg boundary impact. In addition, we used the outputs of our multiproxy cyclostratigraphic analysis to improve the relative chronology of these environmental-climatic events and propose a numerical astrochronologic time scale for the magnetobiostratigraphy of the upper Maastrichtian to upper Danian interval.
GEOLOGICAL AND STRATIGRAPHIC BACKGROUND
The studied stratigraphic sections are located in the Umbria region of the northeastern Apennines, near the medieval town of Gubbio, Italy (Fig. 1A) . The Umbria-Marche pelagic paleobasin (Fig. 1B) was part of a microplate of African continental crust, the so-called Adriatic Promontory or Adria (Channell et al., 1979) , and was the last part of Adria to be involved in the Alpine orogenic phase that brought the deformation of the Apennines fold and thrust belt. The Umbria-Marche Basin has an exceptionally continuous ~2-km-thick sedimentary succession of pelagic carbonates that spans the early Jurassic to the middle Miocene. The Scaglia Rossa Formation represents the middle part of such a pelagic succession, from the earliest Turonian to the latest Ypresian (e.g., Montanari et al., 1989, and references therein) . It is a characteristically pink biomicritic limestone made up of planktonic foraminiferal tests suspended in a coccolith matrix with a terrigenous component of silt and clay considered to be of eolian origin (Arthur and Fischer, 1977; Johnsson and Reynolds, 1986) . The concentration of the terrigenous fraction varies from as little as 2 wt% to 60 wt% in marly intervals. The lower R1 member of the Scaglia Rossa (Turonian to Santonian) and the upper Ypresian R4 member of this formation contain intercalations of radiolarian nodular chert layers (Montanari et al., 1989) . The Campanian to Maastrichtian R2 member of the Scaglia Rossa is devoid of chert and marly sediments, except for a short marly interval at its base (the R2m member in Montanari et al., 1989) . The Danian to Thanetian R3 member is characterized by a number of marly horizons interbedded with the typical pelagic limestones of this formation. The Scaglia Rossa also records regional synsedimentary extensional tectonic activity, which started in the early Turonian, peaked in the Danian, and diminished and ended in the Ypresian. Such a tectonic phase led to the formation of gentle intrabasinal depocenters bound by synsedimentary normal faults, into which seismoturbidites made up of reworked pelagic ooze were deposited, along with soft sediment slump masses (Alvarez and Lowrie, 1984; Alvarez et al., 1985; Montanari et al., 1989; Bice et al., 2007) . With the exception of slump structures in the early Campanian (foraminiferal Contusotruncana plummarae Zone) and possibly in the early Danian (foraminiferal P1b Zone), in the Bottaccione section, neither turbidites nor sedimentary disturbances occur throughout the Scaglia Rossa succession. This study focuses on the uppermost Cretaceous R2 and the lowermost Paleocene R3 members of the Scaglia Rossa Formation, which are exposed in the Bottaccione Gorge and in the Contessa Valley of Gubbio, respectively (Fig. 1A) . We use this composite because of probable slump structures in the early Danian Bottaccione section and a retaining stone wall that covers the uppermost Maastrichtian Contessa section.
A complete record of data from the stratigraphic interval we studied is shown in Figure 2 . Figures 2A and 2B show the actual outcrops of the K-Pg transition in the Contessa Highway and Bottaccione Gorge sections, respectively. Figure 2C is a composite integrated biomagnetostratigraphic scheme for this interval, as derived from published studies, and described in detail by Coccioni et al. (2016, and references therein) . Figure 2D shows the plots of the actual multiproxy series we used in this study, highlighting the main environmental and climatic events recorded through this stratigraphic interval.
MATERIALS AND METHODS
We sampled the Bottaccione Gorge section, i.e., the upper 7.2 m of the Maastrichtian, at regular 5 cm intervals using an electric drill with a masonry tungsten drill bit. We produced ~40 g of fi ne rock powder per sample, ultimately dry sieved with a 250 µm sieve for later calcimetric and stable isotope analyses. Calcium carbonate content (weight percent CaCO 3 ) was measured at the Osservatorio Geologico di Coldigioco (Italy) with a Dietrich-Frühling water calcimeter with a precision of ±2.5%. Calibration was done every 20 samples using a Carrara marble standard. The MS (m 3 kg -1 ) in bulk powdered rock was measured at the Osservatorio Geologico di Coldigioco with a Bartington MS-2B Dual Frequency magnetometer, averaging 3 measurements for each sample and applying mass correction. Stable isotope measurements of the bulk carbonate rock for δ 13 C (‰ Vienna Peedee belemnite, VPDB) and δ
18
O (‰ VPDB) were carried out at the Vrije Universiteit Brussel (Belgium) using both a dual inlet Thermo Finnigan Delta plus XL isotope ratio mass spectrometer (IRMS), interfaced with an automated Kiel III device for carbonates, and a Nu Perspective IRMS interfaced with a Nu Carb automated carbonate device. Acidifi cation of the samples occurred at a temperature of 70 °C for both instruments. Calibration was carried out using NCM standards (+2.09‰ VPDB, -1.90‰ VPDB). On the basis of replicated measurements on sampled material, the reproducibility for both mass spectrometers on the carbon and oxygen isotopes was estimated as 0.05‰ (1σ) and 0.15‰ (1σ), respectively. m 114  113  112  111  110  109  108  107  106  105  104  103  102  101  100  99  98  97  96  95  94 Roggenthen and Napoleone (1977) ; the BOT magnetostratigraphy is according to Lowrie et al. (1982) . The detailed biostratigraphy for the COH section is from Coccioni et al. (2012b) , whereas that for the BOT section is from Coccioni and Premoli Silva (2015) Coccioni et al. (2012a) , while the high-resolution MS intensity series is from this work, along with all the proxy series for the BOT section. K-Pg-Cretaceous-Paleogene; VPDB-Vienna Peedee belemnite; MLDME-MiddleLower Danian multiple event.
A collection of 1 cm spaced bulk-rock samples from the lower half of the Contessa Highway section (the lower 7 m of the Danian), and 2 cm spaced samples for the upper half of the section, a total of 1049 samples, were measured for MS with a Kappabridge KLY-2 MS meter at the National Oceanographic Centre Southampton (University of Southampton, UK). As for the CaCO 3 and stable isotope proxies for the Contessa Highway section, we utilized the data published by Coccioni et al. (2012a) . In this dataset, sample spacing ranges between 2 and 10 cm. We conducted spectral analyses of the various proxy series (MS, CaCO 3 content, δ 18 O, and δ 13 C) separately for the Bottaccione Gorge and Contessa Highway sections in Matlab using fast Fourier transform (FFT) periodogram algorithms modifi ed from Muller and MacDonald (2000) . This periodogram method was successfully used for cyclostratigraphic analysis of portions of the Umbria-Marche stratigraphic succession by Cleaveland et al. (2002) , Mader et al. (2004) , Brown et al. (2009), and Hyland et al. (2009) , and explained in detail by Bice et al. (2012) . We performed FFTs of the data (detrended and padded with zeros) in the stratigraphic domain, which yielded a set of spectral peaks representing the stratigraphic wavelengths (periods) of the cycles. We evaluated the statistical signifi cance of spectral peaks by generating a 95% confi dence level (c.l.) from a Monte Carlo noise simulation (Muller and MacDonald, 2000) . The persistence of the spectral peaks through the stratigraphic section was evaluated through the use of an evolutionary, or sliding window, FFT. The window size was chosen to be about one-third of the entire stratigraphic interval analyzed, large enough to enable the detection of short and long eccentricity signals given the sedimentation rates estimated for the studied intervals.
Astronomical tuning and ultimate astrochronologic dating of the magnetostratigraphic, biostratigraphic, environmental, and climatic events recorded in the composite Bottaccione-Contessa Highway section (BOT-COH; Fig. 2C ) was accomplished through the use of broad bandpass fi ltering of the high-resolution MS proxy series. Variations in MS proxy series between ~300 and 500 k.y. were isolated for the long eccentricity (405 k.y.) band. These fi ltered data were then used for correlation via constrained pattern matching with the theoretical eccentricity curve of La2011 (Laskar et al., 2011) . We performed the actual tuning of the composite section by correlating the maxima of a broad ~300-500 k.y. bandpass curve of the MS time series with the maxima of the bandpass eccentricity curve of La2011.
CYCLOSTRATIGRAPHIC ANALYSIS Bedding Style: Homogenites versus Rhythmites
In the Umbria-Marche pelagic basin, rhythmite sequences (i.e., a rhythmic alternation of limestone and marl layers) are mainly found in the late Paleocene to Neogene part of the sedimentary succession (e.g., the Oligocene Scaglia Cinerea Formation of Hyland et al., 2009 ; or the Serravallian Schlier Formation of Cleaveland et al., 2002) . The sequences refl ect the time when, due to the peri-Adriatic orogenic phase, the Umbria-Marche pelagic basin, which was then at a middle latitude of ~40°N and in a genuine glacio-eustatic climatic system, began receiving a signifi cant amount of fi ne-grained terrigenous material, mainly derived from the erosion and runoff from the emerging Alps and the northwestern Apennines orogenic belts. Rhythmite series are also found in the Cenomanian Scaglia Bianca Formation, where the rhythmicity is given by cyclic alternations of foraminiferalcoccolith limestones and radiolarian cherts, readily recognizable in the fi eld (e.g., Beaudoin et al., 1996; Mitchell et al., 2008; Batenburg et al., 2016) . However, the Scaglia Rossa Formation does not exhibit a visibly outstanding rhythmite character. The limestones of this formation are mostly made up of biomicritic ooze homogenized by synsedimentary bioturbation (Arthur and Fischer, 1977) . Nevertheless, Scaglia Rossa outcrops show wellbedded limestones, with an apparent bed thickness between 5 and 20 cm; however, what appears at fi rst sight to be bedding is in reality pseudobedding, i.e., the partitioning of the homo genized pelagic biomicrite by often anastomizing plane-parallel stylolites, which are denoted by millimeter-thick residual clay seams (Alvarez et al., 1985) . These stylolites formed in the homogeneous calcareous sediment in a process of calcium carbonate pressure solution during late diagenesis in response to burial and sediment loading, thus with a principal stress component normal to the paleohorizontal plane (Alvarez et al., 1985, and references therein) . This pressure solution process occurs preferably, but not always, along horizons of a slightly contrasting composition within the otherwise apparently homogeneous sediment. Consequently, the pseudobedding of the Scaglia Rossa does not refl ect variations in sedimentation possibly related to climatic changes, and therefore it is not suited for cyclostratigraphic and astrochronologic analyses. For this reason we sampled the Gubbio sections at closely spaced intervals to produce proxy series refl ecting variations in sedimentary and paleoenvironmental characteristics. These proxies are total content of calcium carbonate, which is mostly biogenic CaCO 3 derived from planktonic foraminifera and calcareous nannofossils, MS imparted by the terrigenous component of the sediment, and oxygen (δ 18 O) and carbon (δ 13 C) isotopes, which refl ect variations in the composition of seawater.
Bottaccione Section
The cyclic character of the terminal Maastrichtian limestone succession at Gubbio is well manifested in the spectral analysis (FFT) outputs shown in Figure 3 , whereas the details of cyclic variations of the proxies and their phase relation are shown in . The mean sedimentation rate estimated by various approaches for the uppermost Maastrichtian in the Bottaccione section (e.g., Arthur and Fischer, 1977; Lowrie et al., 1990; Mukhopadhyay et al., 2001; Gardin et al., 2012; Wendler, 2013; Husson et al., 2014) , is ~10 m m.y.
. This mean value is generally confi rmed by our cyclostratigraphic analysis despite the fact that the FFT power spectra of the four proxy series do not manifest equally strong frequency signatures. The MS series, for example (Fig. 3A) , yielded an overall red noise spectrum with signifi cant frequency peaks (i.e., reaching or surpassing a 95% c.l.) having periods consistent with Milankovitch eccentricity (long and short), tilt (obliquity), and precession (ETP) cycles, as determined in the astronomical solution of Laskar et al. (2004) . In particular, the powerful frequency peak with a period of 40.6 cm ( Fig. 3A) would yield a period of 38.6 k.y. assuming a mean sedimentation rate of 10.7 m m.y.
-1 , which is the period of the tilt in the ETP solution of Laskar et al. (2004) for the time interval encompassing the K-Pg boundary between 68 and 62 Ma. Weak but still statistically signifi cant peaks appear at higher frequencies (with periods of ~16, 13, and 12 cm), which, nevertheless, seem to be recorded only in the upper half of the Bottaccione Gorge section (see sliding window FFT plot in Fig. 3A ). It can be speculated that these high-frequency signals derive from local compositional disturbances, possibly caused by pressuresolution stylolites, which have a frequency much higher than the period of ~20 cm probably imparted by the precession cycle, as shown by a 17-27 cm bandpass fi ltered curve superimposed on the actual outcrop face in Figure 4A . The weight percent CaCO 3 proxy has an antiphase relation in respect to the MS proxy (i.e., a relatively high weight percent CaCO 3 value corresponds to a relatively low MS value), as expected, and it is clearly shown in the sample to sample plot in Figure 4B , and in the bandpass fi lter correlations in Figures 4C and 4D . Nevertheless, the FFT power spectra of weight percent CaCO 3 , as shown in Figure 3B , look somewhat different from the MS spectra. The precession frequency signals are better defi ned than in the MS spectrum, while the tilt signal is practically identical to the one of the MS series. On the other hand, the short eccentricity signal is weak. The stable isotope series (δ 18 O and δ 13 C) both yielded very noisy spectra in which only the low-frequency signals, possibly long and short eccentricity, appear distinctively elevated, but still do not reach the 95% c.l. in the δ 18 O (Fig. 4C) , and barely reach it in the δ 13 C series (Fig. 4D) . The frequency signal of the tilt is well represented in both the MS and weight percent CaCO 3 series and is centered at about a 40 cm period. It also appears at the top and bottom of the section in the δ
18
O signal, but is practically absent in the carbon stable isotope series (Fig. 4) . The results for the carbon stable isotope series are similar to those of Voigt et al. (2012) .
Contessa Highway section
The Contessa Highway section (Coccioni et al., 2012a (Coccioni et al., , 2012b covers in continuity the lower 14 m of the total 15 m thickness of the Danian of the composite Paleogene Gubbio succession (Coccioni et al., 2012b) . The mean sedimentation rate for this Scaglia Rossa R3 member interval was estimated as ~4 m m.y.
-1 by Coccioni et al. (2012b) based on the ages of magnetic polarity reversals, which were defi ned for this section by Lowrie et al. (1982) , and given by the geologic time scale of Gradstein et al. (2004) . This value is lower than the ~10 m m.y.
-1 estimated for the underlying Maastrichtian R2 member. The drop in sedimentation rate is also observed at other K-Pg boundary sections and can be explained as a function of the reduction of calcium carbonate by marine plankton and the decrease of organic carbon fl uxes toward the deep sea (Herbert and D'Hondt, 1990; D'Hondt et al., 1998; D'Hondt, 2005) . For this section, Coccioni et al. (2012a) provided data series for magnetic characteristics (MS, anisotropy of anhysteretic susceptibility, isothermal remanent magnetization, hard isothermal remanent magnetization), CaCO 3 (wt%), and stable isotopes as δ 13 C (‰) and δ
18
O (‰), with varying sample spacing through the section. For the lower 8.4 m of the section, the mean sample spacing was 5 cm, whereas for the rest of the section, the mean sample spacing was 10 cm. With a sample spacing of 5 cm, and a mean estimated sedimentation rate of ~4 m m.y.
-1 , the short eccentricity can be reliably detected, but not the higher frequencies. A 10 cm sampling spacing, with the same estimated sedimentation rate, is too sparse for any signifi cant cyclostratigraphic analysis. Aware of the limitations of these multiproxy series for a reliable spectral analysis, we resampled the entire Contessa Highway section at 1 cm sample spacing through the lower 7 m of the section, and at 2 cm spacing for the upper 7 m of the section. The 1049 collected samples were analyzed for MS; this new MS proxy series should be suffi ciently dense to capture not only the relatively low frequencies of the short eccentricity and the tilt, but possibly also the precession cycle.
The cyclic character of the Danian limestone succession in the Contessa Highway section is synthesized in the spectral analysis (FFT) outputs shown in Figure 5 , whereas the details of cyclic variations of the proxies and their phase relation are shown in Figure 6 . The FTT power spectra of the new MS series (1-2 cm sample spacing) reveal a strong peak with a period of 176 cm, a series of 3 distinct peaks with periods spread between 37.5 and 48.6 cm barely reaching the 95% c.l., a sharp peak well elevated above the 95% c.l. with a period of 16.8 cm, and no signifi cant signals in the high-frequency range (i.e., frequencies higher than 6 cycles/m) (Fig. 5A) . Given a mean sedimentation rate of 4.3 m m.y.
-1 , the suggestive peak with a period of 16.8 cm would represent a frequency period of 38.9 k.y., thus indistinguishable from the frequency of the tilt with a period 38.8 k.y. calculated by Laskar et al. (2004) for this astrochronologic time interval. Although relatively weak, this signal seems to be fairly stationary through the section (see sliding window FFT output in Fig. 5A ), but weaker in the upper part of it, at around meter level 111-113 (where meter level 100 corresponds to the K-Pg boundary). Along the same line, and considering the same mean sedimentation rate of 4.3 m m.y. Figure  5A shows that through the lower part of the section, up to meter level 106, the central of these 3 peaks, with a period of 43.7 cm (equivalent to a period of 101 k.y. given a mean sedimentation rate of 4.3 m m.y.
-1 ), is the sole peak appearing with a moderate power and fair stationarity, whereas all 3 peaks are present only in the upper part of the section, above meter level 111. However, these short eccentricity signals are almost undetectable in the middle part of the section, between meter levels 106 and 111. The very strong peak with a period of 176 cm (equivalent to a period of 418 k.y. with a mean sedimentation rate of 4.3 m m.y.
-1 ), may represent the long eccentricity, which in the astronomical solutions of Laskar et al. (2004 Laskar et al. ( , 2011 has a mean period of 406 k.y. throughout the Danian.
As for the other three sparsely sampled proxy series (CaCO 3 , δ 13 C, and δ 18 O), the FFT power spectra shown in Figures 5B-5D do not exhibit any signifi cant signal in the high-frequency band. This is not surprising, because with a mean sedimentation rate of 4.3 m m.y.
-1 , sampling at 5-10 cm mean intervals would not provide enough resolution to defi ne precession cycles with expected periods in the range of 8.5 ± 1 cm. Nevertheless, in the CaCO 3 series (Fig. 5B) there is a weak signal elevated above the 95% c.l., with a period of 17.4 cm, fairly stationary up to meter level 109 (i.e., through the stratigraphic interval where mean sample spacing is ~5 cm). It is close to the peak with a period of 16.8 cm seen in the power spectra of the 1 cm sampled MS series (see Fig. 5A ), possibly representing the tilt cycle. The weight percent CaCO 3 series bears an elevated frequency signal, although not quite reaching the 95% c.l., with a period of 37.9 cm, which may represent the dominant short eccentricity cycle in this time interval. This signal is most evident in the lower part of the section (5 cm sample spacing), somewhat mimicking the fuzzy short eccentricity signals seen in the more densely sampled MS series (Fig. 5A) . However, the strong long eccentricity signal seen in the MS series with a period of 176 cm (Fig. 5A) is lacking in the weight percent CaCO 3 series (Fig.  5B ). In the weight percent CaCO 3 series the most powerful frequency signal appears in the upper part of the section with a very long period wobbling around 10 m (i.e., ~2.2 m.y. frequency considering a mean sedimentation rate of 4.3 m m.y. 
O series, but none shows any statistically signifi cant signal in the long eccentricity frequency band, or even in the short eccentricity band, except perhaps for a brief, weak signal seen in the lower part of the section in the δ 13 C series (Fig. 5D) . The results of the multiproxy cyclostratigraphic FFT spectral analysis described here indicate that the 1 cm sampled MS series yields the clearest and most statistically signifi cant frequency signals, which are compatible with the predicted frequencies of the tilt and both short and long eccentricity. On the contrary, the CaCO 3 , δ 13 C, and δ
O series, with a mean sampling spacing of 5-10 cm, do not show any statistically signifi cant frequency that could be confi dently attributed to Milankovitch cycles. A closer look at the actual outcrop, and the multiproxy series superimposed on it, helps to illuminate the relation between sedimentation and bedding and the recording of environmental and climatic changes refl ected by the variations in the multiproxy series (Fig.  6) . As a fi rst approach, the fi rst meter of the Danian starting at the K-Pg boundary clay layer is framed in detail in Figure 6A . This basal Paleogene interval is the one that records the immediate aftermaths of the K-Pg boundary global environmental catastrophe following the Chicxulub extraterrestrial impact. The fi rst impression one gets by looking at this K-Pg interval is the evident change in bedding style between the top of the Maastrichtian R2 member of the Scaglia Rossa Formation and the bottom of the Danian R3 member; in the former, stylolitic pseudobedding has a mean thickness of ~5-10 cm (as seen in the Bottaccione Gorge section shown in Fig. 4A ), whereas in the basal R3 member, pseudobedding is much thinner, more like 3-7 cm, which gives the visual impression of a marly sediment. In reality, the CaCO 3 content through the fi rst 60 cm of the R3 member is on average 94 wt% with a minimum of 92.5 wt% at 100.4 m level, while the rest of the entire Contessa Highway section has a mean CaCO 3 content of ~87 wt%, with minima of ~50-60 wt% in 8 distinct clay-rich layers in the interval between 101.9 and 103.4 m, an interval that include a biotite-rich volcanosedimentary layer at 01.99 m (the ALE volcanic ash in Odin et al., 1992 ; see also Fig.  2D) . A narrow 4-9 cm bandpass fi lter of the 1 cm sampled MS series through the fi rst meter of the Danian indicates that high MS values at such fi ne scale correspond to stylolite (clay) seams, i.e., pseudobedding (see Fig. 6A ). In general, but not always, as seen at a sample to sample scale, low CaCO 3 corresponds to high MS (Fig. 6B) , an expected relation that is more evident with a broader 36-63 cm bandpass fi lter (Fig. 6C ). There are a few short stretches in the Contessa Highway section where this antiphase relation between CaCO 3 and MS is not valid.
Between the stable isotope δ 13 C and δ
O series, at a sample to sample scale it appears that in the fi rst 20 cm of the Danian, high δ 18 O corresponds to low δ 13 C, but then in the rest of this 1 m section the relation seems to be inverted (Fig. 6B) . Nevertheless, a positive correlation between δ 13 C and δ
O is generally but not always seen through the rest of the Contessa Highway section, as highlighted by a 36-63 cm bandpass fi lter correlation in Figure  6C . However, in the terminal Maastrichtian Bottaccione Gorge section, the general relation between δ Figure 6C . The same relation is seen in the terminal Maastrichtian Bottaccione Gorge section (Fig. 4C) .
The cyclostratigraphic analysis of the Contessa Highway section based on multiproxy series highlights some sedimentological problems in the basal 1 m of the Danian. The stationarity and power of the long and short eccentricity and tilt signals from the MS and CaCO 3 series suggest a mean sedimentation rate of 4.3 m m.y.
-1 throughout the 14-m-thick section (Figs. 4A, 4B ), which agrees with the geochronology of the Danian in the Gubbio succession by Coccioni et al. (2012b) . However, high-resolution analysis of 3 He across the K-Pg interval in the Bottaccione Gorge section by Mukhopadhyay et al. (2001) , i.e., the component of perennial interplanetary dust particles fallout, suggests a ~10 m m.y.
-1 sedimentation rate for the basal 40 cm of the Danian (the so-called Eugubina limestone, i.e., the indistinct P0-Pα Zones), a rate that is close to a mean sedimentation rate of the terminal Maastrichtian (see Fig. 7 ). A mean 3 He concentration of 60 × 10 -15 cm 3 g -1 is the same in the top of the R2 member of the Scaglia Rossa as in the Eugubina limestone; the concentration of the noncarbonate terrigenous component of ~5 wt% (i.e., 95 wt% CaCO 3 ) in these limestones across the K-Pg boundary is also the same (Fig. 7) . Nevertheless, at Contessa Highway the 1 cm sampled MS series and the 5 cm sampled δ 18 O series show broad compositional variations defi ning 2 cycles with a wavelength of ~16 cm (see dashed lines in Fig. 6B ), possibly representing the precession cycle (i.e., a period of ~20 k.y.). This would imply a mean sedimentation rate of ~8 m m.y.
-1 , thus a duration of ~50 k.y. of the ~40-cm-thick P0-Pα Zones. In the 60 cm interval immediately above the Eugubina limestone, the 3 He concentration rises to a mean of ~140 × 10 -15 cm 3 g -1 , i.e., a factor of 2.2 higher than in the Eugubina limestone, whereas the biogenic CaCO 3 concentration drops to a mean of ~84 wt%, much lower than a mean of 95 wt% in the underlying Eugubina limestone (Fig. 7) . All this suggests that this 60 cm marly limestone interval has a sedimentation rate lower than 8 or 10 m m.y.
-1 estimated for the underlying K-Pg limestones from the 3 He record and may represent a condensed interval, probably refl ecting the paleoclimatic hyperthermal event known as the Dan-C2 (see Coccioni et al., 2010 , and references therein). Above this Dan-C2 interval, the 3 He concentration drops to a mean of ~90 × 10 -15 cm 3 g -1 (Fig. 7) , lower than the mean concentration of 60 × 10 -15 cm 3 g -1 measured in the terminal Maastrichtian R2 limestone and the basal Danian Eugubina limestone measured by Mukhopadhyay et al. (2001) that may indicate a mean sedimentation rate lower than 8-10 m m.y.
-1 estimated for the underlying narrow K-Pg boundary interval. In this interval, other than the thin ALE biotite-rich volcaniclastic layer, between meter levels 102.1 and 103.4 (130 cm interval) there are 8 distinct, thin marly horizons (i.e., with CaCO 3 compositions ranging between 52 and 62 wt%; see Fig. 7 ), thus with a mean period of 16.3 cm. This period is very close to the period of 16.8 cm of the sharp and stationary frequency peak seen in the FFT spectra for the MS proxy series (Fig. 5A) , and fairly close to a less sharp and stationary peak with a mean period of 17.4 cm revealed by the FFT spectra for the CaCO 3 proxy series (Fig. 5B) . This frequency peak would correspond to a period of ~39 k.y. by applying a mean sedimentation rate of 4.3 m m.y.
-1 to the entire 14-m-thick Contessa Highway section, and should be the expression of the tilt (obliquity) cycle as predicted by Laskar et al. (2004) .
PALEOCLIMATE INTERPRETATIONS
The MS intensity and weight percent CaCO 3 proxy records can be interpreted interchangeably, because they are inverse proxies that respond to the same environmental signal, i.e., the ratio of carbonate to terrigenous material in the sediment. The weight percent CaCO 3 depends on the amount of the biogenic calcareous material, mostly represented by calcareous nannoplankton and planktonic foraminifera, that reaches and is preserved on the seafl oor. The terrigenous material measured by the MS intensity signal was transported to the Umbria-Marche paleobasin by wind, river runoff, or a combination of both. According to the paleogeographical reconstructions (Dercourt et al., 1993; Rosenbaum et al., 2002; Adatte et al., 2002) , the paleogeography of the Gubbio sections was a deep marine basin a few hundred kilometers away from subtropical and/or tropical shallow-water carbonate platforms (Fig. 1B) , while continental landmasses like Europe and Asia to the north and northeast and Africa to the south were more than 500 km away (Figs. 1B and  8 ). At such distances, most of the runoff suspension probably settled before reaching the Umbria-Marche Basin. Therefore, the input of terrigenous material from a fl uvial source in the Late Cretaceous-early Paleogene Umbria-Marche pelagic basin can be excluded. We deduce that the MS signal imparted by the terrigenous component in the Scaglia Rossa pelagic limestones is mainly eolian in origin, as proposed by Arthur and Fischer (1977) and Johnsson and Reynolds (1986) .
The eolian dust was probably mainly produced in desert lands, where the lack of vegetation would have favored its mobilization. Based on modeled vegetation cover for the Maastrichtian, two desert or semidesert regions may be considered as possible sources for the eolian dust (e.g., Upchurch et al., 1999; Hunter et al., 2013) . The fi rst region was located to the southwest of the Umbria-Marche Basin, and corresponds to the northwestern corner of Africa (Fig. 8, i. e., the modern subtropical Atlas region), which, according to paleogeographic reconstructions (e.g., Dercourt et al., 1993; Hay et al., 1999) was between lat 10°N and 20°N in the Late Cretaceous. The second possible arid source region was a much larger South Asia area, the Cretaceous Asian zone (Fig. 8) , roughly comprising the modern regions of Kazakhstan and Mongolia, which in the Late Cretaceous were between 30°N and 40°N, bordering the tropical eastern Tethys Ocean. Today, the northeast trade winds dominate the general atmospheric circulation above North Africa. Winds and associated dust transport vary through the year with the Intertropical Convergence Zone (ITCZ) (Prospero et al., 1981) . During the Northern Hemisphere (NH) summer, the trade winds are more constrained and the high temperatures over the Sahara create strong surface winds and convection cells (Pey et al., 2013) . The convection lifts dust particles and transports them at higher atmospheric levels. Although the bulk of dust from the modern Sahara Desert and the Sahel is deposited west of the continent (i.e., in the tropical Atlantic), a fraction is transported toward the Mediterranean (Pey et al., 2013) . The Africa-Eurasia continental distribution in the Cretaceous was different than the current geographic setting, but similar processes could have been active. Today, the winter high-pressure zone above the continent of Asia results in winds going from the northeast to the southwest along the southern borders of the continent. During the Cretaceous, a similar high-pressure zone could have developed above the large Asia landmass, resulting in winds transporting dust from the large bare areas on this continent toward the western Tethys. A coupled atmosphere-ocean general circulation model (GCM) for the Late Cretaceous indicates the presence of an Asian monsoon system, although it was weaker than the present-day system (Bush and Philander, 1997) ; the same study indicates that monsoon-related precipitation rates for northwestern Africa were comparable to present-day values.
The MS and weight percent CaCO 3 proxy series of the latest Maastrichtian Bottaccione Gorge section yielded power spectra with peaks in the frequency bands of the precession and obliquity (Figs. 4A, 4B ). As evident from the evolutionary FFTs (Figs. 4A,  4B ), the lower half of the Bottaccione Gorge section is dominated by obliquity, while the upper part is dominated by precession. There is a short eccentricity signal, in combination with precession, visible in the MS power spectrum, while it is seemingly absent or very weak in the weight percent CaCO 3 power spectrum; this is probably the result of differences in the data quality of those proxies (see Materials and Methods discussion). From these observations, two questions arise, i.e., what mechanisms are responsible for the frequencies in our records, and what represents the shift from an obliquity-dominated toward a precessiondominated spectrum of the MS series (Fig. 4A ) in the middle of the studied interval.
The evolution of insolation at 25°N (estimated paleolatitude of Gubbio) over time is dominated by precession (Fig.  8) . The position of the ITCZ and the strength of the monsoon systems respond to changes in insolation (e.g., Prospero et al., 1981; Tuenter et al., 2003 Tuenter et al., , 2005 . Along with the expected precessional component in the modern African monsoon system, a pronounced obliquity component is often observed (e.g., Tuenter et al., 2003, and references therein) . The obliquity component is at fi rst unexpected, as the largest obliquity insolation amplitude effect is found at higher latitudes. However, the Earth's climatic system is interconnected between the latitudes and there is potential for interplay between high and low latitudes (e.g., oceanic and atmospheric currents, Tuenter et al., 2003 Tuenter et al., , 2005 . Moreover, Tuenter et al. (2003) indicated that these remote mechanisms have the most signifi cant infl uence in the subtropics (20°-30°N) . Tuenter et al. (2005) found that stronger monsoons occurred during maximum obliquity and vice versa. A GCM study performed on settings of the mid-Cretaceous found a signifi cant obliquity signal in the hydrological cycle over proto-West Africa (Park and Oglesby, 1991) . Figure 8 . Schematic illustration of the proposed threshold mechanism. (A) June insolation for 25°N, dominated by eccentricity-modulated precession (Laskar et al., 2004) . (B) When Northern Hemisphere summer insolation is lower than an arbitrary chosen threshold, the Intertropical Convergence Zone (ITCZ) doesn't reach as far north as compared to a higher Northern Hemisphere summer insolation. Subtropical drought is triggered and the vegetation cover declines dramatically in the areas indicated in yellow (i.e., a nonlinear vegetation response). The potential for dust transportation (refl ected by peak magnetic susceptibility in the Gubbio section) is thus highest in scenario 3. Paleogeographical reconstructions by Ron Blakey.
All these models do not include ice sheet components to explain the effect of high-latitude insolation on low-latitude climatology; it is unlikely that large permanent ice sheets existed at the end of the Cretaceous. Nevertheless, there are indications of the presence of signifi cant terrestrial ice volumes present during that period in polar regions (e.g., Miller et al., 2005; Price and Nunn, 2010) . One of the signifi cant peaks in the δ
18
O spectral plot (Fig. 4C) is at ~43 k.y. Changes in obliquity must have infl uenced this glacial climatic component and the latitudinal temperature gradient. Therefore, the patterns in the exchange of energy (oceanic and atmospheric currents) would have changed, resulting in climatic changes at lower latitudes also. These processes could explain why the lithological proxies show a prominent obliquity signal in the lower part of the Bottaccione Gorge section. The transition from obliquity-dominated to precessiondominated spectra occurs in the same interval as the shift in the δ
O record (~4 m below the K-Pg boundary), which could be associated with global warming induced by the Deccan volcanism (Fig. 9) . A global warming would imply that the latitudinal temperature differences become smaller and that the climate zones shift more toward the poles. The position of the ITCZ during the solstices could have been shifted away further from the equator than compared to a global cooler climatic setting. It follows that the paleolocation of Gubbio came under the infl uence of a purely tropical climatic regime, dominated by precession, whereas its earlier situation was characterized by a subtropical regime in which remote (obliquity) mechanisms have a larger effect. The warming probably triggered the melting of the land ice masses, reducing the potential for ice-related feedbacks, and thereby limiting the potential of transferring obliquity-related climate variability from high to low latitudes.
The spectral peak in the eccentricity band (Fig. 4A ) requires further discussion, as eccentricity does not directly infl uence the amount of incoming solar radiation; therefore, we propose a threshold mechanism to explain its observation. The position of the ITCZ and intensity of the modern African and Asian monsoon systems are infl uenced by changes in insolation (Fig.  8) . Therefore, the same principal arguments may be followed and applied to the Cretaceous Tethyan-Asian context. Today, a stronger African monsoon would result in a "greener Saharalike" environment, i.e., an expansion of savannah-like vegetation and an increase of soil moisture would stimulate soil coherence and thus decrease the production and export of dust. Moreover, once vegetation is established, feedback mechanisms can further enhance the development of vegetation; e.g., a darker albedo and the establishment of primary vegetation increases water-retaining capacity. A stronger African monsoon occurs when the Northern Hemisphere summer occurs near the perihelion, resulting in a stronger insolation (defi ned as minimum precession) and vice versa (Fig. 8) . These dynamics and the effects of vegetation and its feedbacks are well studied for the green Sahara period during the Holocene, which occurred at a precession minimum (i.e., Northern Hemisphere summer insolation maximum; e.g., Kutzbach, 1981; Claussen, 1997; Kutzbach and Liu, 1997; Ganopolski et al., 1998; Kröpelin et al., 2008) . The amplitude of the precession is modulated by eccentricity; therefore seasonal contrasts are both enhanced and dampened during eccentricity maxima. During eccentricity minima, seasonal extremes are avoided for a prolonged period of time. On the basis of these observations, we propose a threshold mechanism related to the latitudinal extent of the ITCZ dynamics (Fig. 8) . Under a pronounced precession maximum (i.e., Northern Hemisphere summer insolation minimum) during high eccentricity, monsoonal circulation is so weak and does not extend far enough north that it cannot sustain a minimum of vegetation cover (Fig. 8) . When this threshold is exceeded, large landmasses lose their vegetation because of the extreme periods of drought and thus become source areas for eolian dust. Through dynamics of savannah-type vegetation (grasses, Hunter et al., 2013) , a large area on the northwest African continent is susceptible to responding to this threshold mechanism. The increase of dust transport would lead to an increase of the terrigenous fraction in marine deep-water sediments and would consequently result in a peak in MS (Fig. 3B) . During eccentricity minima, these variations would be less pronounced and the thresholds would not be exceeded.
We observe only 405 and 100 k.y. variations in the δ 13 C, in agreement with numerous published records (e.g., Cramer et al., 2003; Pälike et al., 2006; Russon et al., 2010; Zachos et al., 2010; Batenburg et al., 2012 , and references therein). The increase in dust particles toward modern Mediterranean means an augmentation in nutrients for primary producers. The model of Russon et al. (2010) demonstrates that relatively small variations in the relative and total amount of nutrients in the global oceans could account for a 400-500 k.y. δ 13 C DIC (dissolved inorganic carbon) periodicity. Boosts in primary production result in lower δ 13 C values as the so-called rain ratio is changed: the ratio between the export of organic carbon (δ 13 C ~ -29‰) and the export of marine biogenic calcium carbonate (δ 13 C ~ 0‰). During eccentricity minima, seasonal extremes are avoided for longer times; these boosts in primary production will be less likely to occur and thus primary production will vary around a mean rate. During eccentricity maxima, periods of high and low seasonality alternate, but at the times of high seasonality the increases in primary production at certain times will gradually cause a decrease in the δ 13 C record as the production of organic carbon is stimulated by the input of more nutrients. At eccentricity minima, boosts in primary production will occur less often and the carbon record will have more time to become positive. It is possible that the long Os record of the terminal Maastrichtian in the Bottaccione section from Robinson et al. (2009) , plotted against the four proxy data series from this work, with interpretative annotations of environmental and paleoclimatic events (see text for detailed explanation). The lower meter scale refers to the stratimetry of the Gubbio Albian to Maastrichtian calcareous plankton biostratigraphy and magnetostratigraphy of Coccioni and Premoli Silva (2015) . PgPaleogene; K-Cretaceous. residence time of carbon in the ocean (~10 5 yr) amplifi es longer (astronomical) forcing periods (Cramer et al., 2003; Pälike et al., 2006) , explaining the observed eccentricity signal and the lack of a precessional signal (Fig. 4D) . Zachos et al. (2010) suggested another paleoclimatological mechanism that explains the amplifi cation of the eccentricity cycles. This paper focuses on primary production in the marine environment, while they proposed a prominent role for landbased organic carbon reservoirs. Both mechanisms are not mutually exclusive. It is useful to evoke the elements of a threshold and the long residence time of carbon in the ocean. The environmental conditions have to be dry and prolonged enough that wetlands cannot be sustained. As a result of this, large quantities of organic carbon can be transported toward the oceans, leading to lower δ 13 C values in the record. Through this climatic link, variation in the carbon cycle, including negative excursions as K-PgE1 and K-PgE3, can be linked to astronomical forcing (see Batenburg et al., 2012; Voigt et al., 2012) as well as to volcanic activity (Husson et al., 2014) .
In summary, these interpretations suggest a phase relationship between high eccentricity and lower δ 13 C and MS maxima (≈CaCO 3 minima), and vice versa.
The paleogeographic and geologic-tectonic settings of the Tethyan domain in the latest Cretaceous was presumably the same as in the earliest Paleogene. However, what may have changed drastically were the paleoenvironmental and climatological conditions following the K-Pg boundary impactinduced global catastrophe. The high-resolution MS series from the Danian Contessa Highway section yielded power spectra similar to those of the latest Cretaceous Bottaccione Gorge section, with pronounced and fairly stationary obliquity and eccentricity signals (Fig. 5A ), but the sedimentation rate dropped signifi cantly from a mean of 10.7 m m.y.
-1 in the Cretaceous to 4.3 m m.y.
-1 through the Danian. Moreover, the 1 m interval immediately above the K-Pg boundary clay layer has anomalous sedimentary records such as the 40-cm-thick porcelainlike Eugubina limestone, which may represent a sedimentation rate of ~9 m m.y.
-1 , and the subsequent 60-cm-thick marly interval manifesting the Dan-C2 hyperthermal event (Coccioni et al., 2010 , and references therein), which may represent sedimentary condensation (see Fig. 7 ). Apart from these sedimentological anomalies, which may refl ect a period of climatic and environmental instability in the immediate aftermath of the K-Pg boundary catastrophe, sedimentation through the rest of the Danian seems to have responded to the same paleoclimatological forcings that were acting in the latest Cretaceous. Nevertheless, a generally lower CaCO 3 content and higher MS with respect to the Cretaceous section up to meter level 110 (see Fig.  2D ) suggest that environmental conditions in the eolian dust source areas changed after the K-Pg boundary catastrophe for ~2.5 m.y. These interpretations suggest a concordant phase relationship between high eccentricity and MS maxima for the Danian Contessa Highway section and the latest Cretaceous Bottaccione Gorge section.
ASTROCHRONOLOGIC TUNING AND DATING OF BIOMAGNETOSTRATIGRAPHIC EVENTS ACROSS THE TERMINAL MAASTRICHTIAN AND DANIAN
The MS proxy series for both the uppermost 7.2 m of the Maastrichtian in the Bottaccione section (sampling spacing of 5 cm), and the entire 14-m-thick Danian section along the Contessa Highway (sampling spacing of 1-2 cm) best serve the purpose of identifying cyclic variations in sedimentation through this ~4.5-m.y.-long continuous and complete stratigraphic record across the K-Pg boundary. Our cyclostratigraphic analysis using FFT revealed that frequency signals corresponding to long and short eccentricity cycles and tilt are statistically signifi cant on a 95% c.l., and fairly stationary throughout this BottaccioneContessa Highway section composite section (Figs. 3A and 5A ). In our opinion, attempts to defi ne Milankovitch cycles through the very same Bottaccione Gorge section and the lower 6.5 m of the Contessa Highway section by Husson et al. (2014) , fell short in recognizing statistically meaningful frequencies in the bands of ~100 k.y. (short eccentricity) and ~40 k.y. (tilt) because of the too low resolution sampling of ~6 cm. The relative stationarity of the frequency signal with a period of 40.6 cm in our Bottaccione Gorge section, and 16.8 cm in the Contessa Highway, not only suggests relatively constant sedimentation rates in the respective separate stratigraphic intervals, but also enables us to derive precise mean sedimentation rates for the two sections by assuming a tilt period of ~39 k.y. (Laskar et al., 2004) . In this way we obtain a mean sedimentation rate of 10.7 m m.y.
-1 for the Bottaccione Gorge section, and 4.3 m m.y.
-1 for the Contessa Highway section, notwithstanding that small changes in sedimentation rate may be present through these sections, as we inferred for the basal 1 m interval of the Danian at Contessa Highway (see Fig. 7 ).
Once the cyclic characters of the terminal Maastrichtian R2 member and the Danian R3 member of the Scaglia Rossa pelagic limestone have been confi dently defi ned by spectral analysis of the high resolution MS series, an attempt can be made to tune the entire cyclic record to that of Laskar et al. (2011) . This was done using a bandpass fi lter curve for both long and short eccentricity frequency bands matched to the eccentricity calculated by the astronomical solution. The fi lter band width of 85-150 cm for the Bottaccione Gorge MS proxy series is large enough to encompass the short eccentricity signal given a mean sedimentation rate of 10.7 m m.y. , and presuming possible small variations in sedimentation rate around such mean value, but narrow enough to fi lter out possible noisy frequency signals. The same eccentricity signal can be extracted from the MS series of the Danian Contessa Highway section using a fi lter of 37-65 cm. Similarly, bandpass curves with broader fi lters of 285-500 cm for the Bottaccione Gorge section and 129-216 cm for the Contessa Highway section represent the long eccentricity cycle, i.e., its low-frequency modulation of ~406 k.y., which emerged from the FFT outputs in Figures 3A and 5A . We use this low-frequency bandpass curve for tuning the entire Bottaccione-Contessa Highway stratigraphic section to the equivalent long eccentricity signal obtained from the eccentricity calculated by Laskar et al. (2011) by applying a bandpass fi lter of 300-500 k.y. (Fig. 10B) . However, in order to perform such a tuning operation correctly, a phase relation has to be established between the stratigraphic record and the actual calculated short and long eccentricity record. As explained in detail in the Paleoclimate Interpretations section, we chose a concordant phase relationship between high eccentricity and MS maxima for both the Maastrichtian Bottaccione Gorge and the Danian Contessa Highway sections.
Another requirement for our tuning attempt is the defi nition of the numerical age for the K-Pg boundary, which has to be anchored to the geochronologic age of 66.0 ± 0.1 Ma assigned to it in the most recent geologic time scale by Gradstein et al. (2012, and references therein) . The astrochronologic age of 66 Ma in the solution of Laskar et al. (2011) is near a maximum in the short eccentricity cycle, and near a minimum in the long eccentricity cycle. In our Gubbio composite section, the K-Pg boundary happens to be near a minimum in the long eccentricity cycle, as defi ned by a 285-500 cm bandpass fi lter curve (Fig. 10B ), thus concordant with the solution of Laskar et al. (2011) .
In Figure 10B , we show how astrochronologic ages for magnetozone boundaries are derived from the tuning of the Bottaccione-Contessa Highway composite section to the long eccentricity cycle of Laskar et al. (2011) . In the same way, astrochronologic ages for calcareous nannofossil and planktonic foraminifera biozone boundaries are obtained and reported in Table 1 (also shown in Fig. 2C ). In addition to a deep understanding of the sedimentology and paleoclimatology of the Scaglia Rossa and its paleoecological response to the K-Pg boundary impact, this new astrochronology provides a precis e temporal framework for the biomagnetostratigraphic interval. Imprecise determination of the stratigraphic positions (meter level) of the C28n-C27r and C27r-C28n boundaries in the magnetostratigraphy of Lowrie et al. (1982) Note: K-Pg-Cretaceous-Paleogene; BOT-COH-Bottaccione-Contessa Highway. Geochronologic ages as in the geological time scale of Gradstein et al. (2012) . Gray-magnetic polarity chron; blue-planktonic foraminiferal zone; green-calcareous nannofossil zone. *The astrochronolochronologic ages are derived from the tuning of the long eccentricity filtered curve of the MS series for the composite BOT-COH section with the long eccentricity of Laskar et al. (2011) , as shown in Figure 10 (see text). †
The error of the astrochronologic ages is derived from the sampling spacing in the sections analyzed by: Roggenthen and Napoleone (1977) for the BOT magnetostratigraphy; Lowrie et al. (1982) , in part amended by Coccioni et al. (2010) for the COH magnetostratigraphy; Coccioni and Premoli Silva (2015) for the BOT planktonic foraminifera; Coccioni et al. (2012b) for the COH planktonic foraminifera and COH calcareous nannofossils; Gardin et al. (2012) for the BOT calcareous nannofossils; and Coccioni et al. (2012b) for the COH calcareous nannofossils. § Ages corrected considering a sedimentation rate for the basal 60 cm of the Danian of 9 m m.y.
-1
(see text for explanation).
# Preferred absolute age for the K-PgB by Renne et al. (2013) with 1s error. **Combined Ar/Ar age for the Beloc (Haiti) tektites by Renne et al. (2013) with 1s error. Galeotti et al. (2015) constructed a cyclostratigraphic framework based on a high-resolution weight percent CaCO 3 record for the Danian in the Bottaccione Gorge; their results differ from our conclusions in identifying an additional long eccentricity cycle in the magnetochron C29n. This stratigraphic interval is sedimentologically challenging to interpret (see the discussion of the Contessa Highway section herein and Fig. 7) ; however, we conclude that the new high-resolution MS series is the most suitable to identify the eccentricity cycles. Moreover, there are slump structures in this interval at the Bottaccione section, which motivated the use of the Bottaccione-Contessa Highway composite in this study.
CONCLUSIONS
We studied the paleoclimate of the latest Maastrichtian and earliest Paleogene, based on a high-resolution multiproxy data set consisting of MS, weight percent CaCO 3 , and oxygen and carbon stable isotopes. The signal from the MS series is interpreted to refl ect variations in the eolian infl ux into the Umbria-Marche Basin. We propose a relationship between paleoclimatological and paleoenvironmental settings and astronomical parameters to account for the wind-blown terrigenous infl ux variations, which suggest a vegetation cover threshold mechanism as responsible for the observed eccentricity periodicity in the MS. It is possible that the δ 18 O record was affected by a warming induced by the Deccan-2 volcanic stage, starting ~400 k.y. prior to the K-Pg boundary. Global warming could have caused a poleward shift of the climatic zones and could therefore explain the dominance of the obliquity signal in the lower half of the terminal Maastrichtian Bottaccione Gorge section, whereas precession controls the upper half.
These interpretations suggest a phase relationship between high eccentricity and lower δ 13 C and MS maxima (≈CaCO 3 minima), and vice versa; based on these phase relationships, an astronomical tuning of the Contessa Highway and Bottaccione Gorge sections is presented. Table 1 reports the estimated timing and duration of several biostratigraphic and magnetostratigraphic events in both sections.
